Chenodiol is an important bile acid widely used for gallstone dissolution and cholestatic liver diseases. We succeeded in a short-step synthesis of chenodiol, starting from the safer phytosterol, stigmasterol.
Chenodiol is an important bile acid contained in many vertebrates. This compound is widely used in clinical applications for the dissolution of cholesterol gallstones and cholestatic liver diseases. 1) At present, chenodiol is industrially synthesized from cholic acid, 2, 3) a major component of bovine bile. BSE (bovine spongiform encephalopathy) has recently become a global problem and it is now prohibited to use the specified bovine risk materials (encephalon, marrow, intestines, lien, etc.) for medicinal use. Although the use of bovine bile is not actually prohibited, it would be much better for chenodiol to be prepared from safer starting material than cholic acid. We report in this paper the synthesis of chenodiol starting from stigmasterol which is the main component of the phytosterol mixture from such beans as soy.
Result and Discussion
Our synthetic plan is shown in Scheme 1. In order to convert stigmasterol to chenodiol, the transformation of four parts would be required as follows: 1) inversion of the hydroxyl group (C-3 position), 2) construction of cis-fused rings by hydrogenation (C-5 position), 3) allylic oxidation and stereoselective reduction (C-7 position), and 4) ozonolysis of the side chain and subsequent transformation, including the Wittig reaction.
Our first synthetic route is outlined in Scheme 2. The hydroxyl group of stigmasterol (2) was inverted by mesylation 4, 5) and the subsequent treatment with cesium acetate. 6) Inversion under Mitsunobu conditions gave a diastereomixture at the C-3 position, and elimination of the hydroxyl group was also observed. Allylic oxidation of the C-7 position was accomplished by N-hydroxyphthalimide-catalyzed air oxidation, using benzoyl peroxide as a radical initiator. 7, 8) The resulting hydroperoxide was dehydrated to give enone 4. Regioselective ozonolysis of the side chain and the subsequent Wittig reaction afforded ,-unsaturated ester 5 in a good yield. This compound was subjected to stereoselective reduction at the C-7 position by using L-Selectride Ò to give alcohol 6 (: = 2:1). After separation -6, the two double bonds were reduced together by using a platinum catalyst to selectively afford a cis-fused ring system (7). Hydrolysis of the acetate and ethyl ester gave chenodiol (1) in good yield. The synthesis of chenodiol could be achieved in this way, but the total yield (7.1% in 8 steps) was not satisfactory and the introduction of hydroxyl groups at the C-3,7 positions was not efficient. We then decided to examine another route from stigmasterol.
The revised synthetic route is shown in Scheme 3.
Scheme 1.
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Oppenauer oxidation of stigmasterol (2) gave conjugated enone 8 in a good yield. 9, 10) The side chain of compound 8 was selectively ozonolyzed to afford an aldehyde, 11) this then being subjected to the Wittig reaction. 12) Preparatory to oxidation of the C-7 position, resulting enone 9 was treated with chloranil to efficiently give dienone 10. Stereoselective epoxidation of 10 was examined under several conditions. Treatment of 10 with monoperoxyphthalate afforded desired -epoxide 11 in a moderate yield, but this oxidation involved a long reaction time. On the other hand, oxidation with mCPBA took place easily in the presence of BHT as a stabilizer under refluxing conditions. This epoxide was hydrogenated together with both double bonds by using a palladium catalyst to give 12; that is, stereoselective introduction of a hydroxyl group at the C-7 position and construction of a cis-fused ring system were simultaneously achieved in a good yield. The reduction of ketone 12 with sodium borohydride selectively proceeded from its convex side to afford 13, containing anhydroxyl group. As the final step, ethyl ester in the side chain was hydrolyzed into carboxylic acid to effectively complete the revised synthesis of chenodiol (15% total yield in 8 steps).
In conclusion, we accomplished a short-step synthesis of chenodiol starting from the phytogenic sterol, stigmasterol. It will be necessary to refine several steps to achieve an industrial process, but this synthesis shows the possibility of using a phytosterol as a safer starting material for chenodiol.
Experimental
Melting point (mp) data were measured with Yanagimoto micro-melting point hot-stage apparatus and are not corrected. Infrared spectra were obtained with a Hitachi 270-30 spectrophotometer, and optical rotation values were measured with a Perkin-Elmer 241 polarimeter.
1 H-NMR spectra were recorded with the solvent peak as an internal standard by a Jeol JNM-AL300 spectrometer at 300 MHz.
13 C-NMR spectra were recorded with the solvent peak as an internal standard by a Jeol JNM-AL400 instrument at 100 MHz. EI-HRMS and ESI-HRMS data were respectively recorded with Jeol JMS-AX505W and Mariner (Applied Biosystems) spectrometer. Column chromatography was carried out in columns packed with silica gel 60 N 63-210 mm (Kanto Chemical Co.). Preparative TLC was carried out with Merck Kieselgel 60F254 1.05744.
(3,22E)-3-Acetoxystigmasta-5,22-diene (3). To the solution of stigmasterol (2.06 g, 5.00 mmol) and triethylamine (2.53 g, 25.0 mmol) in toluene (30 ml) was added MsCl (1.15 g, 10.0 mmol) at 0 C under argon. The mixture was stirred at 0 C for 15 min and then at room temperature for 2 h. The reaction mixture was poured into brine and extracted with ether. The organic layer was successively washed with 1 N HCl and saturated NaHCO 3 , dried with anhydrous magnesium sulfate and concentrated in vacuo. The resulting stigmasteryl mesylate (2.31 g, 99%) was used in the next step without purification. A suspension of stigmasteryl mesylate (949 mg, 2.05 mmol), cesium acetate (1.97 g, 10.3 mmol) and 18-crown-6 (538 mg, 2.05 mmol) in toluene (35 ml) was refluxed for 48 h. After cooling to room temperature, the reaction mixture was poured into brine and extracted with ether. The organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. The residue was chromatographed over silica gel, and elution with toluene gave 3 (485 mg, 52.0%) as a white solid.
Mp (3,22E)-3-Acetoxystigmasta-5,22-dien-7-one (4). To a solution of 3 (909 mg, 2.00 mmol) and N-hydroxyphthalimide (163 mg, 1.00 mmol) in iso-butyl methyl ketone (45 ml) was added dibenzoyl peroxide (10 mg) at 55 C. The reaction mixture was stirred by a rapid stream of air at 55-57 C for 48 h. After cooling to room temperature, the reaction mixture was concentrated in vacuo. The residue was suspended in CCl 4 (30 ml), the precipitate being removed by filtration and concentrated in vacuo. Pyridine (5.0 ml) and acetic anhydride (0.5 ml) were added to the residue at 0 C, and the mixture was stirred overnight at room temperature. The reaction mixture was concentrated in vacuo, and the residue was chromatographed over silica gel (hexane:EtOAc = 4:1) to give 4 (525 mg, 56.0%) as a white solid and 3 (recovered, 30 mg).
Mp 109-111 C. ½ (3,22E)-3-Acetoxy-7-oxo-5,22-choladien-24-oic acid ethyl ester (5) . Ozone was bubbled into a stirred solution of 4 (399 mg, 0.852 mmol) and pyridine (0.25 ml) in CH 2 Cl 2 (25 ml) at À78 C. After the solution had turned slightly blue, nitrogen was bubbled into the solution to eject the excess ozone. After adding dimethyl sulfide (0.15 ml), the reaction mixture was allowed to warm to room temperature and then stirred for 3 h. After concentrating in vacuo, the residue was dissolved in benzene (25 ml), and Ph 3 P=CHCO 2 Et (593 mg, 1.70 mmol) was added. The mixture was refluxed C under argon, and the mixture was stirred for 3 h. After adding water (1.0 ml), the reaction mixture was warmed to 0 C and adjusted to pH 3 with 1 N HCl. The mixture was poured into brine and extracted with EtOAc. The organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. The residue was chromatographed over silica gel (hexane:EtOAc = 2:1) to give a mixture of 6 and 7-epi-6 (86.0 mg, 75.0%, : (3,5,7)-3,7-Dihydroxycholan-24-oic acid (chenodiol 1). A solution of 7 (18.2 mg, 39.3 mol) in 5% NaOH (0.5 ml) and MeOH (2.0 ml) was refluxed for 3 h. After removing MeOH by evaporation, 0.5 N HCl was added to the mixture, before it was extracted with EtOAc. The organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. (22E)-3-Oxostigmasta-4,22-diene (8) . A solution of stigmasterol (825 mg, 2.00 mmol) and cyclohexanone (3.11 ml, 30.0 mmol) in toluene (20 ml) was refluxed under argon, and toluene (5 ml) was distilled off. After cooling to 50 C, Al(OPr i ) 3 (817 mg, 4.00 mmol) was added to the mixture. After refluxing for 5 h, the reaction mixture was concentrated in vacuo. Ether was added to the residue, and the precipitate was removed by filtration. The filtrate was concentrated in vacuo, and the residue was chromatographed over silica gel (hexane:EtOAc = 2:1) to give 8 (649 mg, 79.0%) as a white solid.
Mp 127-128 C. ½ (22E)-3-Oxo-4,22-choladien-24-oic acid ethyl ester (9) . Ozone was bubbled into a stirred solution of 8 (2.19 g, 5.33 mmol) and pyridine (1.4 ml) in CH 2 Cl 2 (140 ml) at À78 C. After the solution had turned slightly blue, nitrogen was bubbled into it to eject the excess ozone. After adding dimethyl sulfide (0.9 ml), the reaction mixture was allowed to warm to room temperature, and then stirred for 3 h. After washing with 1 N HCl, the organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. The residue was dissolved in benzene (25 ml), and Ph 3 P=CHCO 2 Et (2.79 g, 8.00 mmol) was added. The mixture was refluxed for 4 h and then concentrated in vacuo. The residue was chromatographed over silica gel (22E)-3-Oxo-4,6,22-cholatrien-24-oic acid ethyl ester (10) . A mixture of 9 (1.65 g, 4.14 mmol), chloranil (1.12 g, 4.55 mmol), acetic acid (17.0 ml) and toluene (4.25 ml) was refluxed for 2 h. After cooling to room temperature, the resulting precipitate was removed by filtration and concentrated in vacuo. The residue was dissolved in EtOAc and washed with saturated NaHCO 3 . The organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. The residue was chromatographed over silica gel (hexane:EtOAc = 3:1) to give 10 (1.32 g, 80.4%) as a white solid.
Mp 154-156 C. ½ (6,7,22E)-6,7-Epoxy-3-oxo-4,22-choladien-24-oic acid ethyl ester (11) . Method A: To a refluxed solution of 10 (200 mg, 0.504 mmol) and BHT (11.1 mg) in CHCl 3 (15 ml) was added three portions of mCPBA (80%, 82 mg Â 3, 0.38 mmol Â 3) at 2-h intervals. After refluxing for 6 h, the reaction mixture was cooled to room temperature and poured into saturated NaHCO 3 . The mixture was extracted with ether. After washing with brine, the organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. The residue was chromatographed over silica gel (hexane:EtOAc = 3:1) to give 11 (114 mg, 55.0%) as a white solid.
Method B: A solution of magnesium monoperoxyphthalate hexahydrate (80%, 77.0 mg, 0.250 mmol) in distilled water (1 ml) was adjusted to pH 1 with 3 N HCl and extracted with ether (1 ml). The organic layer was dried with anhydrous magnesium sulfate, and the magnesium sulfate was removed by filtration. The filtrate was added to a solution of 10 (19.8 mg, 50.0 mol) in CHCl 3 (2.0 ml), and the mixture was stirred in darkness at room temperature for 14 days. The reaction mixture was poured into saturated NaHCO 3 and extracted with ether. The organic layer was dried with anhydrous magnesium sulfate and concentrated in vacuo. 
